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ABSTRACT
Glucosinolates	(GLs)	and	S-methyl	cysteine	sulfoxide	(SMCSO)	are	natural	sulphur	containing	phytochemicals.	
They	are	two	of	the	most	important	bioactive	compounds	found	in	brassica	vegetables,	which	are	highly	regarded	for their health-promoting	activity.	In	this	study	we	have	analysed	the	content	of	GLs	and	SMCSO	in	white	radish,	
by	an	HPLC-MS	method,	 in	order	 to	 illustrate	 their	biosynthesis	and	accumulation	during	the	 first	72	hours	of	
sprouting.	Total	GLs	content	ranged	between	54.17	and	126.86	µmol/g	DW.	There	were	eight	GLs	identified,	in	
radish	sprouts	and	around	94	%	of	them	were	aliphatic.	Obvious	differences,	during	the	72	hours	of	sprouting,	
were	noticed	in	glucoraphenin	and	glucoraphasatin.	S-methyl	cysteine	sulfoxide	content	ranged	between	0.21	and	
35.95	µmol/g	DW.	Our	results	revealed	a	negative	strong	correlation	between	GLs	and	SMCSO.
Keywords: glucosinolates, radish, S-methyl cysteine sulfoxide, sprouts.
INTRODUCTION
Almost	40%	of	cancers	were	linked	directly	to	
an	improper	diet	and	related	factors	by	the	World	
Cancer	Research	Fund,	UK	(Czapski,	2009).
The	 consumption	 of	 brassica	 vegetables	 has	
frequently	been	associated	with	a	lower	incidence	
of	 many	 types	 of	 cancers:	 prostate,	 lung,	 colon,	
breast,	 bowel,	 kidney	 (Traka	 et.	 al.,	 2013)	 and	
other	chronic	diseases	(Björkman	M.	et	al.,	2011).	
The	health	benefits	of	the	brassica	vegetables	
are	 mostly	 attributed	 to	 their	 natural	 sulfur-
containing	 phytochemicals.	 Among	 these,	
glucosinolates	 (GLs)	 and	 S-methyl	 cysteine	
sulfoxide	(SMCSO)	are	two	of	the	most	important.	
These	compounds	are	secondary	plant	metabolites	
derived	from	amino	acid	biosynthesis	(Stoewsand	
G.	1995).	
While	 glucosinolates	 have	 been	 studied	
extensively	 since	 the	 nineteenth	 century	 only	 a	
few	 investigations	 have	 explored	 the	 S-methyl-
cysteine	sulfoxide	(SMCSO)	(Williams	et.	al.,	2013).	
The	 Brassicaceae	 family	 contains	 many	
vegetables	of	great	economic	importance.	Radish	
(Raphanus sativus L.)	is	originally	from	Europe	and	
Asia	(Gutierrez	and	Perez	2004)	and	in	Romania,	
it	 is	 one	 of	 the	 most	 popular	 and	 frequently	
consumed	brassica	vegetable.
Consumers	 are	 becoming	 more	 conscious	
and	 they	 are	 looking	 to	 add	 foods	 with	 higher	
nutritional	 value	 to	 their	 diets.	 Sprouts	 have	
gained	 popularity	 in	 the	 modern	 nutrition	 and	
studies	 regarding	 nutrition	 and	 health	 beneﬁts	
have	 revealed	 that	 brassica	 sprouts	 contain	
signiﬁcantly	 higher	 concentrations	 of	 bioactive	
compounds	 than	 the	 mature	 plants	 (Hanlon	 &	
Barnes,	2011;	Moreno	et	al.,	2006).
In	 our	 previous	 work,	 we	 have	 noticed	 a	
significant	difference	in	the	content	of	the	sulphur	
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compounds	 between	 the	 seeds	 and	 3	 days	 old	
sprouts	of	radish	(data	yet	unpublished),	therefore	
the	 aim	 of	 this	 study	 was	 to	 take	 a	 closer	 look	
into	the	accumulation	of	GLs	and	SMCSO	in	white	
radish,	during	the	first	72	hours	of	sprouting.
MATERIALS AND METHODS
Plant Material.  
Seeds	 of	 white	 radish	 (Raphanus sativus L.)	
were	 obtained	 from	 a	 Romanian	 trade	 company	
and	 germinated	 for	 72	 hours	 following	 Perez-
Balibrea’s	 et	 al.	 (2010)	 protocol	 with	 some	
modifications.	 Five	 grams	 of	 seeds	 were	 rinsed	
with	MillyQ	water,	 sanitized	 in	 30	ml	 of	 sodium	
hypochlorite	 (5	 g/L)	 for	 2	 h,	 drained,	 then	
washed	 three	 times	 with	 MillyQ	 water.	 After	 16	
h	 of	 overnight	 soaking,	 the	 water	 was	 drained	
and	the	seeds	were	lined	on	the	germination	bed	
previously	 prepared	 in	 trays	 with	 vermiculite,	
water	and	filter	paper.	
The	 germination	 process	 was	 conducted	
in	 a	 SANYO	 growth	 chamber	 (MLR	 350, Sanyo	
Electric	Co.,	Ltd.,	Japan)	under	simulated	daylight	
conditions	(alternating	16	h	lights	and	25	ºC	with	
8	h	darkness	and	20	ºC).	Light	was	provided	by	15	
ﬂuorescent	lamps	(FL40SS	W/37,	Toshiba,	Japan),	
that	 ensured	photo	 synthetically	 active	 radiation	
of	400	μmol	*m−2*s−1.
Sprout	 samples	 were	 rapidly	 and	 gently	
collected	at	an	8	hours	time	point,	then	lyophilized	
in	 a	 Edwards	 freezdryer	 (Modulyo,	West	 Sussex,	
UK),	 grinded	 in	 a	 fine	powder	 and	 stored	 at	 4°C	
until	further	analysis.	Time	point	0	was	considered	
for	 the	 seeds	 right	 before	 the	 lining	 up	 on	 the	
germination	trays.
Humidity	and	dry	weight	(%)	were	recorded	
(lyophilization	method).	Also	the	germination	rate	
was	monitored	using	the	method	described	by	the	
Romanian	standard	SR	1634:1999.
Glucosinolates Analysis
The	 GLs	 content	 was	 analyzed	 using	 the	
method	 previously	 described	 by	 Saha	 et	 al.,	
(2012)	 with	 some	 modifications.	 An	 amount	
of	 100	 mg	 of	 sprouts	 powder	 was	 extracted	
with	10	ml	of	hot	 aqueous	methanol	 (70%	v/v),	
following	 the	 addition	 of	 the	 internal	 standard	
(sinigrin).	 Samples	were	mixed	and	 incubated	at	
70	0C	for	30	min	with	occasional	vortexing.	After	
incubation,	extracts	were	allowed	to	cool	and	3	mL	
of	the	supernatant	was	applied	to	an	ion	exchange	
column	that	was	subsequently	washed	with	water	
(2	×	0.5	ml)	and	sodium	acetate	0.02	M	(2	×	0.5	
ml).	The	columns	were	then	layered	with	75	µl	of	
purified	 sulfatase	 and	 left	 at	 room	 temperature	
overnight.	The	desulfoglucosinolates	were	eluted	
by	sequential	application	of	0.5,	0.5,	and	0.25	ml	
of	water	and	analyzed	using	an	HPLC	–	DAD/MS	
system.
Desulfoglucosinolates	 were	 analyzed	 using	
a	Waters	 Spherisorb	 ODS2	 (250	 ×	 4.6	mm	 id,	 5	
µm	 particle	 size)	 column	 connected	 to	 a	 Agilent	
HPLC	system	model	1100	(	Waldbronn,	Germany)	
comprising	of	a	binary	pump,	degasser,	cooled	auto	
sampler,	 column	 oven	 and	 diode	 array	 detector.	
Samples	were	 eluted	 at	 1.0	ml/min	 using	water	
as	 solvent	 A	 and	 acetonitrile	 as	 solvent	 B	 (both	
acidified	with	0.1	%	formic	acid)	in	a	gradient	of	
increasing	acetonitrile.	The	gradient	started	at	5%	
solution	B	increasing	after	10	min	to	35	%	B,	after	
15	min	to	40	%,	after	16	min	to	50	%	were	it	was	
maintained	4	min,	 then	 increased	at	100%	B	 for	
another	4	min	and	finally	re-equilibrated	to	5	%	B	
for	7	min.	Desulfoglucosinolates	were	monitored	
at	229	nm.
The	 identification	 of	 desulfoglucosinolates	
was	 carried	 out	 according	 to	 the	 fragmentation	
diagnostic	ions	presented	by	Kusznierewicz	et	al.,	
(2013)	using	the	Agilent	1100	series	LC/MS	TOF	
(Agilent	Technologies,	Waldbronn,	Germany)	with	
electrospray	ionization	in	the	positive	mode	(ESI+)	
working	under	the	following	conditions:	capillary	
voltage	of	4000	V,	350	0C	gas	temperature,	nitrogen	
flow	of	12	l	/	min	and	m/z	between	50-1000.
The	quantitative	estimations	were	made	using	
the	 internal	 standard,	 and	 the	 response	 factor	
specific	for	each	GLs	(Hirani	A.	et.	al.,	2012).	GLs	
content	was	expressed	as	µmols/g	DW.
S-methyl-cysteine sulfoxide Analysis
SMCSO	 content	 was	 determined	 following	
the	protocol	described	by	Traka	et	al	(2013)	with	
some	modiﬁcations.	Two	hundred	grams	of	freeze-
dried	powder	were	extracted	overnight	 in	30	ml	
acidiﬁed	cold	methanol.	After	homogenization	by	
a	 high-speed	 tissue	 homogenizer	 (Pro	 Scientiﬁc	
Inc.,	Oxford,	CT,	USA),	samples	were	incubated	at	
70°C	for	10	minutes	and	then	centrifuged	at	5000	
g	for	10	minutes	(Sigma	Laborzentrifugen	GmbH,	
Germany).	The	methanolic	fraction	was	decanted	
into	a	separate	tube	and	the	remaining	pellet	was	
reextracted	 twice	with	30	ml	 of	 boiling	 acidiﬁed	
methanol	 (each	 extraction	 was	 followed	 by	 10	
minutes	 incubation).	 The	 combined	 methanolic	
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extracts	 were	 concentrated	 to	 2–3	 ml	 under	
reduced	pressure	and	adjusted	with	20	mM	borate	
buffer	(pH	9.2)	to	a	final	volume	of	5	ml.	The	extract	
was	stored	at	-20°C	until	derivatization.
For	the	derivatization	100	µl	of	extracts	were	
mixt	with	250	µl	 of	Dansyl-Chloride	 reagent	 (10	
mM	 dansyl	 chloride	 in	 acetonitrile)	 and	 650	 µl	
of	 20	 mM	 borate	 buffer	 (pH	 9.2).	 The	 mixture	
was	brieﬂy	shaken	and	allowed	 to	 react	at	 room	
temperature	 for	 30	minutes,	 then	 centrifuged	 at	
16	200	g	 for	10	minutes	and	analyzed	by	HPLC-
DAD/MS	using	the	positive	polarity	mode.
Dansyl	 derivatives	 were	 analyzed	 using	 a	
Spherisorb	 ODS2	 (250	 x	 4.6	 mm	 5	 μm)	 column	
(Waters,	Milford,	MA,	USA)	connected	to	an	1100	
HPLC	 system	 (Agilent	 Technologies,	 Waldbronn,	
Germany)	 comprising	 a	 binary	 pump,	 degasser,	
cooled	 auto	 sampler,	 column	 oven,	 diode	 array	
and	mass	 spectrometer	 detectors.	 Samples	were	
eluted	at	0.9	ml/min	with	a	gradient	of	increasing	
methanol	using	50	mM	ammonium	acetate	buffer	
(pH	 5)	 as	 solvent	 A	 and	methanol	 as	 solvent	 B.	
The	gradient	started	at	30	%	solution	B	increasing	
to	40	%	after	35	min	and	to	75	%	B	after	60	min	
where	it	was	maintained	for	5	min	and	ﬁnally	re-
equilibrated	to	30	%	B	for	5	min.
Dansyl	 derivatives	 were	 monitored	 at	 250	
nm,	 full	 scan,selecting	 ion	 monitoring	 mode	
and	 quantiﬁed	 on	 the	 basis	 of	 a	 standard	 curve	
of	 authentic	 S-methyl-L-cysteine	 sulfoxide	
(r2=0.9993).	 Results	 were	 expressed	 as	 µmols/g	
DW.
Statistical Analysis
All	 analyzes	 were	 conducted	 in	 triplicate	
and	 the	 	 statistical	 analysis	 was	 performed	 by	
the	 One	way	 Analysis	 of	 Variance	 (ANOVA)	 test.	
Tukey’s	 honest	 significance	 test	 was	 carried	 out	
at	 a	 95%	 confidence	 level	 (p<	 0.05).	 Pearson`s 
correlation	 (α=0.05)	 with	 two-tailed	 probability	
values	was	used	to	check	the	correlation	between	
the	 two	 sulphur	 containg	 phytochemicals.	 All	of the statistical	 analyses	 were	 performed	 by	
Minitab	Statistical	software	version	16.1.0	(LEAD	
Technologies,	Inc.).
RESULTS AND DISCUSSION
Results	regarding	germination	rate,	humidity	
and	 dry	 weight	 are	 presented	 in	 Table	 1.	 These	parameters are important in order to determine 
the	 yield	 of	 the	 germination	 process	 and	
furthermore	 for	 the	 calculation	 of	 a	 daily	 intake	
dose	of	bioactive	compounds.
The	germination	process	of	white	radish	seeds	
started	quite	fast,	after	just	24	hours	exceeding	90	
%	and	reaching	almost	98	%	at	the	end	of	the	72	
hours.	This	fact	shows	the	excellent	quality	of	the	
seeds	and	a	good	choice	of	the	parameters	for	the	
germination	process.		
Time	 point	 0	 being	 actually	 seeds	 after	
soaking,	 their	 starting	 humidity	 reached	 50	 %,	
then,	 without	 watering,	 the	 seeds	 have	 dried	 a	
little,	but	after	the	breathing	process	has	started,	
the	humidity	increased	reaching	78	%	at	the	end	
of	the	72	hours.
Tab. 1.	Germination	rate,	humidity	and	dry	weight	
Sample
Maturity	
[h	of	germination]
Germination	rate
[%]
Humidity
[%]
Dry	weight
[%]
W
hi
te
	R
ad
is
h	
Sp
ro
ut
s
0 - 50.47±0.75ef 49.53±0.75bc
8 16±0.5e 41.95±1.69g 58.05±1.69a
16 82.17±1.26d 46.78±2.03f 53.22±2.03b
24 92±1.5c 53.7±2.52de 46.3±2.52cd
32 94.17±0.76bc 54.27±0.63de 45.73±0.63cd
40 95.33±1.15ab 57.03±0.95d 42.97±0.95d
48 96±0.5ab 64.13±1.63c 35.87±1.63e
56 96.33±0.29ab 65.38±0.87c 34.62±0.87e
64 97±0.5a 71.25±1.64b 28.75±1.64f
72 97.33±0.29a 78.03±1.75a 21.97±1.75g
Note:	Values	 are	 expressed	as	mean±	 standard	deviation	of	 three	 replicates	 for	 each	maturity	 stage.	Different	 letters	 in	 the	 same	 column	
indicate	statistically	significant	differences	(Tukey’s	test	p<	0.05).
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The	 results	 regarding	 the	 germination	 rate	
and	 humidity	 are	 in	 agreement	 with	 the	 results	
obtained	in	our	previous	work	(Borș	et	al.,	2015).	
Similar	results	were	found	by	Ciska	et.	al.,	(2008)	
regarding	the	dry	weight	of	white	radish	sprouts.
In	all	of	 the	samples	 there	were	8	 individual	
GLs	 identified.	 Details	 regarding	 each	 GLs	 are	
presented	 in	 Table	 2	 and	 their	 accumulation	
during	the	germination	process,	can	be	observed	
in	Figure	1.	
Sinigrin	 was	 used	 as	 internal	 standard.	
Glucoraphenin	was	found	as	the	main	GLs	in	white	
radish	 sprouts	 (36.34	 -	 103.54	 µmols/g	 DW).	
Glucocleomin,	 glucoraphanin,	 glucoraphenin,	
glucoerucin	 and	 glucoraphasatin	 are	 aliphatic	
GLs	 derived	 from	 the	 amino	 acid	 methionine	
and	 they	 represented	 around	 94	 %	 of	 the	 total	
GLs	 content.	 The	 rest	 of	 ~6%	were	 represented	
by	 hydroxyglucobrassicin,	 glucobrassicin	 and	
Tab. 2.	Individual	GLs	identified	in	white	radish	sprouts
Crt.	Nr Trivial	Name Side	chain Type Formula RT	
[min] RF
Fragmentation	diagnostic	ions
M+H
M+H-
162
M+	Na M+K
0 Sinigrin 2-Propenyl A C
10
H
17
NO
9
S
2
5.6 1 280 118 302 318
1 Glucocleomin
2-Hydroxy-2-
methylbutyl
A C
12
H
23
NO
10
S
2
2.9 1.07 326 164 348 364
2 Glucoraphanin 4-Methylsulfinylbutyl A C
12
H
23
NO
10
S
3
4.8 1.07 358 196 380 396
3 Glucoraphenin
4-Methylsufinyl-3-
butenyl
A C
12
H
21
NO
10
S
3
5.2 0.9 356 194 378 394
4 Hydroxyglucobrassicin
4-Hidroxy-3-
indolylmethyl
I C
16
H
20
N
2
O
10
S
2
9.4 0.28 385 223 407 423
5 Glucoerucin 4-Methylthiobutyl A C
12
H
23
NO
9
S
3
10.5 1.04 342 180 364 380
6 Glucoraphasatin
4-Methylthio-3-
butenyl
A C
12
H
21
NO
9
S
3
10.9 0.4 340 178 362 378
7 Glucobrassicin Indolylmethyl I C
16
H
20
N
2
O
9
S
2
11.2 0.29 369 207 391 407
8 Methoxyglucobrassicin
4-Methoxy-3-
indolylmethyl
I C
17
H
22
N
2
O
10
S
2
11.7 0.25 399 237 421 437
Note:	A	=	aliphatic	GLs;	I	=	indolic	GLS;	RT	=	Retention	Time;	RF	=	Response	Factor.
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Fig. 1.	Individual	GLs	accumulation	in	white	radish	during	the	3	days	germination	process
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methoxyglucobrassicin,	 which	 are	 indolic	 GLs,	
derived	from	the	amino	acid	tryptophan.
In	 Figure	 1,	 the	 glucoraphenin	 content	 is	
represented	 on	 the	 secondary	 axis	 (right	 side),	
because	of	the	high	values	registered,	compared	to	
the	other	GLs.	As	 it	 can	be	observed	 the	amount	
of	 glucoraphenin	 was	 high	 at	 the	 beginning	 but	
it	 decreased	 along	 the	 germination	process	with	
almost	65	%.	
Glucoraphasatin,	is	an	atypical	GLs	specific	for	
radish	(Montaut	et.	al.,	2010),	and	it	was	found	as	
the	second	most	abundant	(1.25	-	16.01	µmols/g	
DW)	in	our	samples.	As	opposed	to	glucoraphenin,	
the	 amount	 of	 glucoraphasatin	 was	 low	 at	 the	
beginning,	 increasing	almost	12	times	at	 the	end	
of	72	hours	of	germination.
Hydroxyglucobrassicin,	 glucocleomin,	 gluco-
rapha	nin	and	methoxyglucobrassicin,	were	found	
in	small	amounts	and	they	seem	to	have	a	decrease	
over	the	72	hours	of	sprouting.
Glucoerucin	and	glucobrassicin	were	found	in	
negligible	amounts.
Similar	 results	 regarding	 the	 profile	 of	 GLs	
in	 radish	 sprouts	 were	 found	 by	 Zieliñski	 H.	 et.	
al.,	 (2005)	and	Ciska	et.	 al.,	 (2008).	Also,	 slightly	
different	 results	 were	 find	 by	 Boenas	 N.	 et.	 al.,	
(2012).
Total	GLs	contents	were	obtained	by	summa-
rizing	 the	 contents	 of	 the	 individual	 ones.	 Data	
regarding	the	total	GLs	content	and	SMCSO	content	
are	presented	in	table	3.
Total	 GLs	 content	 has	 decreased	 along	 the	
germination	process	with	more	than	a	half.	Higher	
GLs	 contents	were	noticed	 for	 the	 first	32	hours	
of	 germination,	 with	 the	 highest	 content	 being	
registered	 at	 24	 hours,	 and	 lower	 GLs	 contents	
were	observed	at	 the	end	of	 the	process	with	no	
significant	 differences	 between	 56,	 64	 and	 72	
hours	of	germination.
As	 opposed	 to	 the	 GLs	 content,	 the	 SMCSO	
content	 has	 increased	 along	 the	 72	 hours	 of	
sprouting.	 There	 were	 no	 significant	 differences	
during	 the	 first	 24	 hours,	 the	 amount	 of	 SMCSO	
being	 close	 to	 0	 µmols/g	 DW.	 After	 32	 hours	 of	
sprouting,	 SMCSO	 content	 started	 to	 increase	
significantly,	 reaching	33.	 93	µmols/g	DW	at	 the	
end	of	the	72	hours	of	germination.
During	 the	 72	 hours	 germination	 process,	
a	 negative	 strong	 correlation	 between	 total	 GLs	
and	SMCSO	content	was	revealed	by	the	Pearson	
correlation	(r	=	-0.873,	p	<	0.001).
In	the	literature	there	is	very	little	information	
regarding	 the	 SMCSO.	 Scattered	 reports	 have	
investigated	SMCSO	content	in	allium	species	and	
cabbage,	from	the	brassica	family,	but	most	of	the	
studies	 are	 quite	 old.	 Komatsu	W.	 et	 al.,	 (1998)	
reported,	in	cabbage,	an	amount	of	SMCSO	of	590	
mg/100g	 which	 will	 be	 the	 equivalent	 of	 39.02	
µmols/g.	Kubec	R.	et	al.,	(2001)	reported	a	SMCSO	
content	of	0.33	g/kg	FW	in	white	radish	root	and	
that	is	a	lot	less	than	we	have	found	in	white	radish	sprouts. 
Tab. 3. Total	GLs	and	SMCSO	content	
Sample
Maturity
[h	of	germination]
Total	GLs
[µmols/g	DW]
SMCSO
[µmols/g	DW]
W
hi
te
	R
ad
is
h	
Sp
ro
ut
s
0 113.65±2.08b 0.24±0.03f
8 105.36±3.19c 0.34±0.07f
16 118.26±1.14ab 0.53±0.04f
24 124.38±2.54a 0.96±0.05f
32 114.87±4.59b 5.19±0.18e
40 82.01±1.2e 11.86±0.21d
48 91.99±4.03d 15±0.26c
56 57.09±3f 17.19±0.81b
64 55.78±1.13f 18.24±0.23b
72 57.31±0.89f 33.93±1.76a
Note:	Values	 are	 expressed	as	mean±	 standard	deviation	of	 three	 replicates	 for	 each	maturity	 stage.	Different	 letters	 in	 the	 same	 column	
indicate	statistically	significant	differences	(Tukey’s	test	p<	0.05).
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CONCLUSION
Data	of	 the	present	 study,	 regarding	GLs	 are	
in	 agreement	 with	 the	 literature.	 Glucoraphenin	
was	 identified	 as	 the	major	 GLs	 in	 white	 radish	
sprouts.	Most	of	the	GLs	were	aliphatic.	
The	 literature	 lacks	 of	 data	 and	 studies	
regarding	 the	 SMCSO	 content	 in	 brassica	
vegetables.
The	 overall	 results	 of	 this	 study	 show	 that	
along	 the	 72	 hours	 of	 germination,	 a	 significant	
biosynthesis	of	S-methyl	cysteine	sulfoxide	occurs.	
This	 biosynthesis	 takes	 place	 gradually	 and	 it	 is	
happening	in	the	detriment	of	glucosinolates.
Understanding	 the	 inﬂuence	 that	 the	
developmental	 stage	 has	 on	 the	 accumulation	
of	 sulfur	 compounds	 of	 cruciferous	 vegetables	provides important information for further studies 
examining	 the	 in vivo effects of radish treatment 
and	foundation	for	providing	recommendations	to	
reduce	the	risk	of	chronic	disease	through	dietary	intervention. 
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